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Pauli’s Facebook 
profile picture

ν

• Gross violation of energy-
momentum conservation!
• Postulates an "invisible" particle 
to avoid catastrophe - the neutrino

Winter of 1930

Observations by Sir J. Chadwick, 1914
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The discovery of the neutrino: Cowan-Reines experiment, 1956

Savannah River Plant would provide a flux of ~ 1013 ν/cm2/s

ν + p       n + e+, then n + 108Cd         109Cd + γ
_
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The discovery of the neutrino: Cowan-Reines experiment, 1956

Savannah River Plant would provide a flux of ~ 1013 ν/cm2/s

ν + p       n + e+, then n + 108Cd         109Cd + γ

1995 Nobel prize for the detection of the neutrino

_
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Discovery of the 
Second Neutrino

n

1962 : Steinberger, Lederman &
Schwartz

the muon neutrino

p + p� � + X

� � µ + �µ

�µ + N � µ + Y

!"
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The discovery of the muon neutrino: 
Lederman, Schwartz and Steinberger, 1962
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The discovery of the muon neutrino: 
Lederman, Schwartz and Steinberger, 1962

1988 Nobel prize for the neutrino beam method and 
the demonstration of the doublet structure of leptons
through the discovery of the muon neutrino
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Discovery of the Third 

Neutrino

n

the tau neutrino

2000 : DONUT Collaboration

� � �� + �

�� + N � � + X

kink

!"
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The discovery of the tau neutrino: 
The DONUT experiment, 2000
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The Standard Model: the big picture

Fermions come in 3 families: identical except for their masses
4 fundamental forces: 
 • Strong: quarks
 • Electromagnetic: quarks and charged leptons
 • Weak: all fermions
 • Gravity: anything

 1. From Discovery to the Standard Model
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The Standard Model: the big picture

Fermions come in 3 families: identical except for their masses
4 fundamental forces: 
 • Strong: quarks
 • Electromagnetic: quarks and charged leptons
 • Weak: all fermions
 • Gravity: anything

 1. From Discovery to the Standard Model

Focus on neutrinos,
particularly neutrino oscillations
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Before studying neutrino oscillations
we need to understand the structure of weak interactions

   Z   

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov14

Weak interactions

      3X

i=1

Q̄Li /DQLi =
3X

i=1

gp
2

�
ūLi�

µdLiW
+
µ + h.c.

�
+ . . .
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Weak interactions

The “interaction" basis:

      

In the interaction basis, 
this interaction is 
diagonal in flavor

3X

i=1

Q̄Li /DQLi =
3X

i=1

gp
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Weak interactions

3X

i,j=1

yijQ̄LiH̃uRj ! ŪL ·Mu · UR = ūL · (V u
L )† ·Mu · V u

R · uR

The “interaction" basis:

Here, the masses do not need to be diagonal:
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Weak interactions

Mdiag
u

3X

i,j=1

yijQ̄LiH̃uRj ! ŪL ·Mu · UR = ūL · (V u
L )† ·Mu · V u

R · uR}
The “interaction" basis:

Here, the masses do not need to be diagonal:

      

In the interaction basis, 
this interaction is 
diagonal in flavor

quarks in mass basis
(masses are diagonal)
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L )† ·Mu · V u

R · uR}
The “interaction" basis:
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In the interaction basis, 
this interaction is 
diagonal in flavor

quarks in mass basis
(masses are diagonal)
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Weak interactions

The “interaction" basis:

      

In the interaction basis, 
this interaction is 
diagonal in flavor

3X

i=1
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�
ūLi�

µdLiW
+
µ + h.c.

�
+ . . .

3X

i=1

Q̄Li /DQLi =
gp
2

⇥
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The “mass" basis:
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Weak interactions

The “interaction" basis:

      

In the interaction basis, 
this interaction is 
diagonal in flavor

}
CKM mixing matrix

A physical down quark can be produced in 
association with an up, charm or top quark!

3X

i=1

Q̄Li /DQLi =
gp
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⇥
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µ(V u
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The “mass" basis:
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Weak interactions

The “interaction" basis:

      

In the interaction basis, 
this interaction is 
diagonal in flavor

}
CKM mixing matrix

A physical down quark can be produced in 
association with an up, charm or top quark!

3X
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3X
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Q̄Li /DQLi =
3X
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gp
2

�
ūLi�

µdLiW
+
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�
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The “mass" basis:

Fermion states that have a well defined mass 
can have mixing under weak interactions!

u superposition of d, s, b
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Weak interactions

      

Same thing happens to neutrinos 
(with one additional complication: we do not know 
the mechanism that generates neutrino masses!)
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Neutrino Oscillations

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

Interaction eigenstate (produced by weak interactions)

Mass eigenstate (eigenstate of the Hamiltonian)
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X
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⌫†iU
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↵i|0i =

X

i

U⇤
↵i|⌫ii
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Neutrino Oscillations
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~ = c = 1

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov28

Neutrino Oscillations

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

A↵�(t) = h⌫� |⌫↵(t)i

A↵�(t) = h⌫� |⌫↵(t)i

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

The Hamiltonian is related to the time evolution operator, so

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

Neutrinos are relativistic (E,p >> m)

~ = c = 1
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mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

Neutrinos are relativistic (E,p >> m)

A↵�(t) = h⌫� |⌫↵(t)i = U⇤
↵iU�jh⌫j |e�iEit|⌫ii

= e�iptU⇤
↵iU�i exp

✓
�i

m2
i t

2E

◆

1.4 Neutrino Oscillations in Vacuum

If neutrinos have masses, the weak eigenstates, να, produced in a weak inter-
action are, in general, linear combinations of the mass eigenstates νi

|να⟩ =
n
∑

i=1

U∗
αi|νi⟩ (40)

where n is the number of light neutrino species and U is the the mixing matrix.
(Implicit in our definition of the state |ν⟩ is its energy-momentum and space-
time dependence). After traveling a distance L (or, equivalently for relativistic
neutrinos, time t), a neutrino originally produced with a flavor α evolves as:

|να(t)⟩ =
n
∑

i=1

U∗
αi|νi(t)⟩ , (41)

and it can be detected in the charged-current (CC) interaction να(t)N ′ → ℓβN
with a probability

Pαβ = |⟨νβ|να(t)⟩|2 = |
n
∑

i=1

n
∑

j=1

U∗
αiUβj⟨νj |νi(t)⟩|2 , (42)

where Ei and mi are, respectively, the energy and the mass of the neutrino
mass eigenstate νi.

Using the standard approximation that |ν⟩ is a plane wave |νi(t)⟩ = e−i Eit|νi(0)⟩,
that neutrinos are relativistic with pi ≃ pj ≡ p ≃ E

Ei =
√

p2
i + m2

i ≃ p +
m2

i

2E
(43)

and the orthogonality relation ⟨νj|νi⟩ = δij , we get the following transition
probability

Pαβ = δαβ − 4
n
∑

i<j

Re[UαiU
∗
βiU

∗
αjUβj] sin

2 Xij

+ 2
n
∑

i<j

Im[UαiU
∗
βiU

∗
αjUβj ] sin 2Xij , (44)

where

Xij =
(m2

i − m2
j)L

4E
= 1.27

∆m2
ij

eV2

L/E

m/MeV
. (45)

Here L = t is the distance between the production point of να and the detection
point of νβ. The first line in Eq. (44) is CP conserving while the second one
is CP violating and has opposite sign for neutrinos and antineutrinos.

16

Isolated an overall phase
Got lazy and stopped writing the sums

Used orthogonality condition:

~ = c = 1
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Neutrino Oscillations

Let’s isolate another overall phase

A↵� = e�i(pt+m2
1t/2E)U⇤

↵iU�i exp

✓
�i

�m2
i1t

2E

◆

~ = c = 1
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Neutrino Oscillations

To make it simpler, consider two neutrinos
 (two flavor framework, say νe and νμ)

U =

✓
cos ✓ � sin ✓
sin ✓ cos ✓

◆

Let’s isolate another overall phase

A↵� = e�i(pt+m2
1t/2E)U⇤

↵iU�i exp

✓
�i

�m2
i1t

2E

◆

~ = c = 1
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Neutrino Oscillations

To make it simpler, consider two neutrinos
 (two flavor framework, say νe and νμ)

U =

✓
cos ✓ � sin ✓
sin ✓ cos ✓

◆

Let’s isolate another overall phase

A↵� = e�i(pt+m2
1t/2E)U⇤

↵iU�i exp

✓
�i

�m2
i1t

2E

◆

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin

2

✓
�m2L

4E

◆
= sin2(2✓) sin2

✓
�m2L

4E

◆
Easy to explicitly show that

Substituted t by L (c=1)
There is only one Δm2

~ = c = 1
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Neutrino Oscillations

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin

2

✓
�m2L

4E

◆
= sin2(2✓) sin2

✓
�m2L

4E

◆
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Neutrino Oscillations

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin

2

✓
�m2L

4E

◆
= sin2(2✓) sin2

✓
�m2L

4E

◆
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Δm2 = 2.3×10-3 eV2, sin22θ = 0.9, L = 810 km

νμ→νe

νμ→νμ

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov35

Neutrino Oscillations

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin
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✓
�m2L

4E

◆
= sin2(2✓) sin2

✓
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◆
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Δm2 = 2.3×10-3 eV2, sin22θ = 0.9, L = 810 km

νμ→νe

νμ→νμ

The probability of producing νμ and detect νe really oscillates!
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Neutrino Oscillations

P (⌫µ ! ⌫e;L) = |Aµe(L)|2 = 4c2✓s
2
✓ sin

2

✓
�m2L

4E

◆
= sin2(2✓) sin2

✓
�m2L

4E

◆
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Δm2 = 2.3×10-3 eV2, sin22θ = 0.9, L = 810 km

νμ→νe

νμ→νμ

The probability of producing νμ and detect νe really oscillates!

Neutrino oscillations necessarily imply 
neutrino masses, that is, 

physics beyond the Standard Model

2015 Nobel prize for the discovery 
of neutrino oscillations, which 
shows that neutrinos have mass
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With three families there are 3 mixing angles, 
2 mass splittings and one complex phase!

Neutrino Oscillations

What do we know about 
neutrinos and their oscillations?

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
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Neutrinos
Neutrinos are everywhere ...

Nuclear Reactors

Supernova
(Stellar Collapse) 

SUN 

Accelerators 

Atmospheric
(Cosmic Rays)

Astrophysical 
Accelerators

Big Bang
(330 ν/cm3)

Earth’s
Crust/Mantle

From R. Zukanovich Funchal Invisibles School 2014
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Neutrinos
Neutrinos are everywhere ...

Nuclear Reactors

Supernova
(Stellar Collapse) 

SUN 

Accelerators 

Atmospheric
(Cosmic Rays)

Astrophysical 
Accelerators

Big Bang
(330 ν/cm3)

Earth’s
Crust/Mantle

From R. Zukanovich Funchal Invisibles School 2014

νe

νμ,all

νall

νe νall

νall

νall

νe
_

_
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Neutrino Oscillations

The following is not in chronological order
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NOvA Experiment

L = 810 km
(from FNAL to Minnesota)
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NOvA Experiment

L = 810 km
(from FNAL to Minnesota)

νμ to νμ
Old data:
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NOvA Experiment

L = 810 km
(from FNAL to Minnesota)

νμ to νμ
Old data:

νμ to νμ
New data:
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NOvA Experiment

L = 810 km
(from FNAL to Minnesota)

νμ to νμ
Old data:

νμ to νμ
New data:

Large mixing (sin22θ23)!
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NOvA Experiment

L = 810 km
(from FNAL to Minnesota)

νμ to νμ
Old data:

νμ to νμ
New data:

|Δm2atm| ~ 2.7 x 10-3 eV2
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νμ to νμ
Old data:

νμ to νμ
New data:

|Δm2atm| ~ 2.7 x 10-3 eV2

NOvA Experiment

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov47

      

NOvA Experiment

L = 810 km
(from FNAL to Minnesota)

νμ to νe:

Sensitive to
smaller mixing angle (θ13)
and to CP violating phase 

δ!
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T2K Experiment

L = 295 km
νμ to νμ:

νμ to νμ and νμ to νμ:
_ _
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T2K Experiment

L = 295 km
νμ to νμ:

νμ to νμ and νμ to νμ:
_ _ _ _

T2K

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov50

      

T2K Experiment

L = 295 km

νμ to νe: νμ to νe:
_ _
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T2K Experiment

L = 295 km

νμ to νe and νμ to νe:
_ _

νμ to νe: νμ to νe:
_ _
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Borexino experiment

Solar neutrinos

Matter effects on neutrino oscillation (MSW)

Consistent with Δm2sol > 0
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KamLAND Experiment

L ~ 180 km
(average distance from nuclear reactor)
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KamLAND Experiment

L ~ 180 km
(average distance from nuclear reactor)

νe to νe:
_ _
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KamLAND Experiment

L ~ 180 km
(average distance from nuclear reactor)

νe to νe:
_ _

|Δm2sol| ~ 7 x 10-5 eV2
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KamLAND Experiment

L ~ 180 km
(average distance from nuclear reactor)

νe to νe:
_ _

Large mixing (θ12)!
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Daya Bay Experiment

L between 363m and 1985m
(many detectors and many reactors)
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Daya Bay Experiment

L between 363m and 1985m
(many detectors and many reactors)

νe to νe:
_ _
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Daya Bay Experiment

|Δm2atm| ~ 2.5 x 10-3 eV2

L between 363m and 1985m
(many detectors and many reactors)

νe to νe:
_ _
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Daya Bay Experiment

L between 363m and 1985m
(many detectors and many reactors)

νe to νe:
_ _

Small mixing (θ13)!
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Many Experiments

MINOS/MINOS+
LSND

MiniBooNE
MicroBooNE

Minerva

ICARUS
OPERA

SNO
Super Kamiokande

RENO
Double Chooz

…

FNAL, accelerator nus, atmospheric parameters
LANL, accelerator nus, anomalous Δm2 (too large)
FNAL, accelerator nus, anomalous Δm2 (too large)
FNAL, accelerator nus, complementary to MiniBooNE
FNAL, accelerator nus, nu-nucleus cross section 
measurements
LNGS, accelerator nus, atmospheric parameters
LNGS, accelerator nus, atmospheric parameters 
(νμ to ντ oscillations)
Sudbury, solar neutrinos
Japan, atmospheric nus, atmospheric parameters
Korea, reactor neutrinos, atmospheric parameters
France, reactor neutrinos, atmospheric parameters
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Many Experiments
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Open questions

What is the mass ordering?

�ij ⌘
1.27�m2

ij [eV
2]L[km]

E[GeV]

νμ Oscillations in Long-Baseline Experiments

8Jonathan'Paley,'ANL'HEP'Division

‣ Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

a = GFNe

p
2 ' (4000 km)�1

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32

eg, in NOνA: aL = 0.23,
      in DUNE: aL = 0.37
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Open questions

What is the mass ordering?

�ij ⌘
1.27�m2

ij [eV
2]L[km]

E[GeV]

νμ Oscillations in Long-Baseline Experiments

8Jonathan'Paley,'ANL'HEP'Division

‣ Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

a = GFNe

p
2 ' (4000 km)�1

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32

eg, in NOνA: aL = 0.23,
      in DUNE: aL = 0.37

Is there CP violation in the lepton sector?

What is the octant of θ23?
Or:

Is there more νμ or ντ in ν2?
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Open questionsChapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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) eν 
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
”CP = ≠fi/2 (blue), 0 (red), and fi/2 (green), for neutrinos (left) and antineutrinos (right), for normal
hierarchy. The black line indicates the oscillation probability if ◊13 were equal to zero.

The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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Open questions

Are neutrinos Dirac or Majorana?
Or:

Are neutrinos their own antiparticle?
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Open questions

Are neutrinos Dirac or Majorana?
Or:

Are neutrinos their own antiparticle?

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov68

Open questions

Are neutrinos Dirac or Majorana?
Or:

Are neutrinos their own antiparticle?
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Open questions

What is the absolute neutrino mass?

�ij ⌘
1.27�m2

ij [eV
2]L[km]

E[GeV]

νμ Oscillations in Long-Baseline Experiments

8Jonathan'Paley,'ANL'HEP'Division

‣ Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

a = GFNe

p
2 ' (4000 km)�1

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32

eg, in NOνA: aL = 0.23,
      in DUNE: aL = 0.37

?
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Open questions

What is the absolute neutrino mass?
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a = GFNe

p
2 ' (4000 km)�1

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32

eg, in NOνA: aL = 0.23,
      in DUNE: aL = 0.37

?
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Open questions

What is the absolute neutrino mass?

�ij ⌘
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2]L[km]

E[GeV]

νμ Oscillations in Long-Baseline Experiments

8Jonathan'Paley,'ANL'HEP'Division

‣ Long-baseline νµ → νe experiments have 
the potential to simultaneously measure 
θ13, δCP, sign(Δm312), sign(θ23-45°): 

a = GFNe

p
2 ' (4000 km)�1

P (⌅µ ! ⌅e) ⇡ sin2 2⇤13 sin
2 ⇤23

sin2(�31 � aL)

(�31 � aL)2
�2

31 +

� sin 2⇤13 cos ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
cos�32 �

� sin 2⇤13 sin ⇥
sin(aL)

(aL)

sin(�31 � aL)

(�31 � aL)
sin�32

eg, in NOνA: aL = 0.23,
      in DUNE: aL = 0.37

?

Neutrino masses impacts the 
cosmic microwave background!
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Open questions

What is the mechanism 
behind neutrino masses?
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Open questions

What is the mechanism 
behind neutrino masses?

Seesaw scenarios
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Open questions

What is the mechanism 
behind neutrino masses?

Seesaw scenarios

Extra dimensions
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Open questions

What is the mechanism 
behind neutrino masses?

Seesaw scenarios

Extra dimensions Radiative masses
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Open questions

What is the mechanism 
behind neutrino masses?

Seesaw scenarios

Extra dimensions Radiative masses

?
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Open questions

Is there a 4th neutrino (“sterile neutrino”)?
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Open questions

Is there a 4th neutrino (“sterile neutrino”)?
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FIG. 1: The layout of the LSND detector and the A6 beam stop area.
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FIG. 2: The layout of the A6 beam stop, as it was configured for the 1993-1995 data taking.
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Open questions
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+ MiniBooNE anomaly
+ Reactor neutrino anomaly

+ Gallium anomaly
+…

All so-called anomalies are suspicious
 for different reasons

Something is wrong…
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Is there a reason behind the masses and 
mixings?

Also called “the flavor puzzle"

Open questions

mailto:pmachado@fnal.gov


Jun/2017 Pedro A. N. Machado | WIN 2017 WG summary: Neutrino Physics Theory                                                       pmachado@fnal.gov81

      

Are neutrinos a portal to new physics?

Neutrino masses go beyond the SM

The neutrino sector is the least known 
sector of the SM

Open questions

Why so light? Why so much mixing?

Anomalies in neutrino oscillations
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